We explored whether breast cancer outcomes are associated with endoxifen and other metabolites of tamoxifen, and to examine potential correlates of endoxifen concentrations including CYP2D6 metabolizer phenotype and body mass index (BMI). Tamoxifen, endoxifen, 4-hydroxytamoxifen and N-desmethyltamoxifen concentrations were measured from 1370 estrogen receptor positive breast cancer patients participating in the Women's Healthy Eating and Living (WHEL) Study, and tested for associations with breast cancer outcomes. Breast cancer outcomes were not associated with tamoxifen, 4-hydroxytamoxifen or N-desmethyltamoxifen concentrations. For endoxifen, a threshold was identified suggesting that women in the upper four quintiles of endoxifen had a 26% lower recurrence rate than women in the bottom quintile. (HR=0.74; 95% CI, [0.55, 1.00]). Predictors of membership in this higher risk bottom quintile were poor/ intermediate metabolizer genotype, higher BMI, and low tamoxifen concentrations. This study suggests a minimal threshold at which endoxifen is effective against breast cancer recurrence, which 80% of tamoxifen-takers achieve.
INTRODUCTION
Tamoxifen reduces breast cancer recurrence(1) by blocking estrogen receptors;(2) an effect produced mainly through its metabolites, particularly endoxifen (4-hydroxy-Ndesmethyltamoxifen) (3) (4) (5) . Polymorphisms in the metabolizing enzyme, cytochrome P450 2D6 (CYP2D6) can lead to lower circulating endoxifen concentrations, and possibly tamoxifen effectiveness. (6) (7) (8) However, studies of an association between CYP2D6 functionality and breast cancer-specific outcomes have produced inconsistent results (9) , highlighting the need for more research examining the association between tamoxifen metabolite concentrations, CYP2D6 functionality, and breast cancer survival. (10) While CYP2D6 genotype is associated with tamoxifen metabolite concentrations, a functional categorization of the genotype does not explain all of the variance observed. (11) Compliance in taking tamoxifen may influence metabolite concentrations. Furthermore, drug-gene interactions, particularly some of the serotonin reuptake inhibitors (SSRIs) -which physicians may prescribe for depression or for vasomotor symptoms in breast cancer patients (12) (13) (14) -are potent inhibitors of CYP2D6 (8, (15) (16) and can thus potentially reduce the effectiveness of tamoxifen.
The Women's Healthy Eating and Living (WHEL) Study offers a unique opportunity to study the relationship between CYP2D6 genotype, tamoxifen metabolites, and breast cancer outcomes. (17) (18) (19) This study enrolled a large sample of women with early stage breast cancer diagnosed between 1991 and early 2000, when tamoxifen was the endocrine therapy of choice in the adjuvant setting and before SSRIs were reported to be a treatment for vasomotor symptoms in this population. The study collected extensive treatment data, stored blood samples, and followed women over an average of 7.3 years, medically verifying all breast cancer outcomes. Participants were enrolled up to four years after their initial diagnosis.
Given the complexity of tamoxifen metabolism and the inconsistent results in the literature regarding CYP2D6 genotype and breast cancer outcomes, the aim of this study was to explore the relationship between concentrations of tamoxifen metabolites and long-term breast cancer outcomes in a subset of 1370 estrogen receptor positive breast cancer patients. While CYP2D6 genotype, co-medications, compliance and other factors are all potential factors that may lead to reduced effectiveness of tamoxifen therapy, using the actual metabolite concentrations to predict breast cancer outcomes can provide a more direct measurement of this putative association.
RESULTS
Demographic and clinical characteristics of the 1370 participants selected for this study are described in Table 1 . Consistent with the results from our entire WHEL cohort, breast cancer events (n=178) were significantly associated with breast cancer stage and grade. (19) In our sample of 1370 participants, radiation, chemotherapy and BMI were not associated with breast cancer events when added to a Cox model of disease free survival that included stage and grade. Quintiles of tamoxifen and metabolites, and raw event rates for each quintile, are presented in Table 2 . Tamoxifen concentrations did not differ by CYP2D6 phenotype, but concentrations of endoxifen, 4-hydroxytamoxifen and N-desmethyltamoxifen were strongly associated with CYP2D6 phenotype (Table 3 ). The Chisquared test statistic for testing Hardy-Weinberg equilibrium was 23.92 (df= 22; p=0.35) indicating that the genotypes were in equilibrium.
The Cox linear trend analysis, controlling for breast cancer stage and grade, identified no evidence to support a linear relationship between tamoxifen and/or any of the measured metabolites and breast cancer outcomes: the hazard ratios (HR) for tamoxifen, endoxifen, 4-hydroxytamoxifen, and N-desmethyltamoxifen were 0.97 (95% CI, 0.92 to 1.03), 0.94 (95% CI, 0.84 to 1.06), 0.94 (95% CI, 0.62 to 1.44) and 0.97 (95% CI, 0.93 to1.02) change in HR per 1ng change in square-root of concentration respectively. We also examined the HR for the ratio of N-desmethyltamoxifen to endoxifen and the ratio was not associated with breast cancer outcomes (data not shown).
With no evidence of a linear association, we explored a potential threshold effect by dividing the continuous concentrations of tamoxifen and tamoxifen metabolites into quintiles and conducting separate Cox models, controlled for stage and grade ( Figure 1) . None of the upper four quintiles of tamoxifen had a significantly different risk than the lowest quintile. For endoxifen, two of the quintiles (2 nd and 4 th ) were significantly different from the lowest quintile and all four upper quintiles had similar risk levels, suggesting a threshold effect. Three of the quintile cut-points for 4-hydroxytamoxifen had equivalent risk levels to the lowest quintile, with no suggestion of a threshold effect. Finally, for Ndesmethyltamoxifen, only the second quintile had a significantly reduced risk compared to the lowest quintile. A Kaplan-Meier curve of unadjusted disease-free survival by endoxifen quintile is presented as Figure 2 .
We repeated the quintile Cox model analyses with CYP2D6 phenotype groups included in the model. For all four models, a likelihood ratio test indicated that the CYP2D6 phenotype was not statistically significant (p >= 0.6).
As endoxifen was the only metabolite that was suggestive of a threshold effect on breast cancer outcomes, we explored dichotomized optimal cut-points for a split regression analysis (20) of endoxifen concentrations with additional breast cancer events. After bootstrap resampling and cross-validation, we identified an at-risk subgroup as those with endoxifen below 5.97 ng/mL, a concentration that corresponds closely to the lowest quintile in our sample. In the Cox model, adjusted for both stage and grade, participants with endoxifen concentrations above 5.97ng/mL had a 30% lower risk of additional breast cancer events (HR=0.70, 95% CI, 0.52 to 0.94). The more conservative bias-corrected estimate (21) of reduced risk in this group of participants in the upper four quartiles of endoxifen concentrations was marginally significant (HR=0.74; 95% CI, 0.55 to 1.00). We repeated the Cox model stratifying by time since diagnosis, and the results were essentially identical to the unstratified model indicating that time from diagnosis to study entry did not affect our findings. We also repeated the model including BMI and found that BMI was not associated with breast cancer events, suggesting that the endoxifen effect is independent of BMI.
With a putative threshold for endoxifen concentrations identified (corresponding to the bottom quintile), we examined whether CYP2D6 phenotype, tamoxifen quintiles, race/ ethnicity, age, or BMI were associated with membership in the bottom quintile of endoxifen (Table 4) . Bivariately, CYP2D6 phenotype, tamoxifen concentrations, race/ethnicity, and BMI were all associated with membership in the bottom quintile of endoxifen. Using a logistic regression model, race/ethnicity and CYP2D6 genotype showed colinearity and so race/ethnicity was dropped from the model. (Table 5) The final model, controlling for age, indicated that CYP2D6 phenotype, BMI, and tamoxifen concentrations were all associated with membership in the bottom quintile of endoxifen.
Finally, in an effort to describe the variance in endoxifen that is explained by CYP2D6 phenotype, we also looked at R-squared for predicting continuous endoxifen concentrations. Our first model included age, BMI, race/ethnicity and tamoxifen concentrations (square root). The second was the same but also included CYP2D6 phenotype. The R-squared for Model 1 was 0.28 and the R-squared for Model 2 was 0.46 (likelihood ratio test comparing model 1 to model 2 p < 0.00001), suggesting an absolute 18% increase in R-squared when the model includes CYP2D6 phenotype.
DISCUSSION
In a large cohort of early stage ER-positive breast cancer survivors using tamoxifen, the concentration of endoxifen, but not tamoxifen or other metabolites, was associated with risk of breast cancer recurrence or second breast cancer. However, this increased risk was confined to those with an endoxifen concentration in the bottom quintile of the distribution. Women with an impaired CYP2D6 metabolizer phenotype were more likely to be in this bottom quintile. Importantly, however, while the majority (76%) of poor metabolizers had low endoxifen levels, this leaves 24% of PMs who may be able to obtain therapeutic levels of endoxifen despite their PM status. Metabolizer phenotype alone may not be enough to determine whether tamoxifen is of potential benefit to any individual patient. Excess weight was also associated with lower endoxifen concentrations, as has previously been reported. (22) In addition, tamoxifen concentrations, a potential indicator of compliance, were associated with endoxifen concentrations. Overall, we have identified several variables (metabolizer phenotype, BMI and tamoxifen levels) which are associated with low endoxifen levels but are not independently associated with breast cancer outcomes in our sample. Taken together, these findings suggest that the relationships between these variables, metabolite levels and breast cancer outcomes is complex, which may help to explain the inconsistency in the published studies to date.
One recent study modeled the expected amount of tamoxifen (or its metabolites) required to affect estrogen receptors, and postulated that even women with a poor metabolizer CYP2D6 genotype might be able to bind over 99.6% of receptors and hence not be at increased risk for recurrence. (23) Biomarker studies have also suggested that there may be a case for reducing the current dose of tamoxifen to reduce side effects while maintaining efficacy. (24) (25) In our study, the majority of participants who took tamoxifen appeared to have sufficient endoxifen concentrations to achieve its protective effect. However, our study suggests that the proportion of women on tamoxifen therapy who do not have a sufficient dose may be as high as 20%. Our results may help explain some of the varying results among studies of CYP2D6 genotype and breast cancer outcomes if an endoxifen threshold does exist. Individuals with poor metabolizer genotype may be much less likely to achieve endoxifen concentrations above the potential therapeutic threshold, while individuals with an intermediate metabolizer genotype may be more susceptible to other factors such as SSRI use or tamoxifen compliance that could decrease their endoxifen concentrations below the threshold. Importantly, however, only 46% of the variance in endoxifen concentrations was explained by known covariates (i.e., age, BMI, CYP2D6 genotype), indicating that other (unmeasured) factors are contributing to the observed variability in metabolite concentrations. This may include variables related to tamoxifen dose or compliance with taking the drug.
Our results should be considered in the context of several limitations. First, the WHEL Study was designed as a randomized dietary trial, and our analyses are clearly secondary to the original hypotheses. However, the WHEL Study enrolled women when tamoxifen was the treatment of choice and is one of the few cohorts with adequate long-term endpoint data, stored biospecimens, and patient-reported covariates that allow for a secondary analysis of endoxifen and breast cancer endpoints. However, because WHEL participants were enrolled up to 4 years after their initial diagnosis, the study does not have an adequate representation of breast cancer patients who recur shortly after diagnosis. Rather, its strength is to predict risk for breast cancer events occurring 3 to 10 years post diagnosis. Importantly, considerable evidence suggests that early stage breast cancer survivors who recur quickly are more likely to have had ER-negative tumors. (26) (27) (28) (29) A strength of our study is its large sample size of early stage breast cancer patients who were taking tamoxifen before aromatase inhibitors were available and before SSRI's were prescribed to reduce vasomotor symptoms in this population. A weakness is that the WHEL Study did not assess SSRI use at baseline (which were used for the treatment of depression at that time), and retrospective recall of SSRI use indicated that at least 2% of participants who completed the WHEL Study may have been taking an SSRI at baseline. Similarly, we do not have detailed data on tamoxifen prescriptions (e.g. dose) or compliance. We note that, currently, there is no quality controlled standardized method for measuring endoxifen or other tamoxifen metabolites that is approved for clinical use, and so we caution against a clinical interpretation of the absolute metabolite values described in our study. There appears to be considerable variability in estimated metabolite concentrations across studies, though this could relate to variation in sample handling, storage, and measurement methods.
In summary, this study is the first to report on the association between endoxifen concentrations and breast cancer outcomes in tamoxifen-treated breast cancer patients. It is likely that a threshold of endoxifen must be achieved for a therapeutic effect of tamoxifen, rather than a linear dose-response effect. We have identified that CYP2D6 metabolizer phenotype, BMI, and tamoxifen concentrations contribute to having endoxifen concentrations below this threshold. Future studies of tamoxifen metabolites and breast cancer outcomes are needed to replicate these findings, and determine the extent to which other factors, such as BMI and CYP2D6 metabolizer phenotype, influence tamoxifen metabolism in breast cancer patients.
METHODS
This study used data and archived blood samples from the WHEL Study, which has been extensively described elsewhere.(18-19) Briefly, 3088 breast cancer patients with a verified diagnosis of invasive breast cancer (AJCC IV (30) stage: I ≥ 1 cm, II or IIIA) between 1991 and early 2000 were recruited from seven clinical sites in California, Arizona, Texas and Oregon. Internal review boards at each site approved the study and all participants provided written informed consent before enrolling.
At study entry, participants were within 4 years of diagnosis and had completed primary therapy, and had not experienced a recurrence or new breast primary cancer. At baseline (i.e., study entry) and subsequent clinic visits (1, 2 or 3, 4 and 6 years after study entry), participants were asked: "Have you ever taken an anti-estrogen? (e.g., tamoxifen, raloxifene)" Anti-estrogen users were asked to specify which drug they took, and the length of time that they had taken the drug. This study considers the 1370 participants who had estrogen receptor (ER)-positive tumors and had been taking tamoxifen for at least 4 months before the baseline survey (to ensure steady-state blood concentrations) and for whom we could successfully conduct genotyping of CYP2D6 (see below).
Height and weight were measured at the time of blood draw; and body mass index (BMI, weight [kg]/height [m 2 ]) was computed.
Sample handling and DNA extraction
Blood (48 ml) was collected at a baseline clinic visit, placed on ice, and within the hour separated into plasma, serum, buffy coat and red blood cells using centrifugation at 2300 × g at 4° C for 10 minutes. Per the WHEL Operations Manual, all samples were immediately protected from light during sample processing (using aluminum foil, Red bags, or Amber bags) and were frozen promptly. Site laboratory procedures were audited during annual visits by the WHEL study director and principal investigator. To the best of our knowledge, WHEL samples were handled uniformly and were not thawed before analysis. Aliquots were stored at −80° C in cryogenic tubes until analysis. Genomic DNA was extracted from these archival samples using 200 uL of the buffy coat fraction (QIAcube robot with QIAamp DNA blood Mini Kit, Qiagen, Valencia, CA, USA). DNA was quantified with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, according to manufacturers' instructions).
Extraction and measurement of tamoxifen and its metabolites
Tamoxifen and its metabolites were measured in archived serum samples. First, 80x stock of deuterated internal standards, containing D5-Endoxifen (200ng/mL), D5-Tamoxifen (1ug/ mL), and D5-N-Desmethyltamoxifen (4ug/mL) (Toronto Research Chemicals) was prepared in methanol and stored at −70*C. Before sample extraction, the internal standard mix was diluted with 0.5mM Ammonium Formate buffer, pH 3.0. Serum samples (200uL) were spiked with 800uL of diluted internal standard mix and extracted with Waters MCX 1cc solid phase extraction cartridges according to the manufacturer's instructions. We used a 1200 series Agilent High Performance Liquid Chromatography (HPLC) system to resolve analytes by reverse phase chromatography with gradient elution. This gradient separates endoxifen and 4-hydroxyendoxifen from the corresponding 4′ and 4′hydroxy isomers. These latter two isomers are not measured in this assay. A Waters xTerra MS C18, 3.5μm (2.1×100mm) analytical column was used for the assay preceded by a Waters C18, 5μm (2.1×10m C18) guard column and column saver (MacMod). HPLC peaks were detected using a 3200 tandem/ion trap mass spectrometer (Applied Biosystems Sciex). We used Analyst Software (Applied Biosystems) to determine analyte concentration by comparing the peak area ratio of the analyte to the peak area ratio of the internal standard. D5-tamoxifen was used as the internal standard for tamoxifen, D5-N-desmethyltamoxifen was used as the internal standard for N-desmethyltamoxifen, and D5-endoxifen was used as the internal standard for endoxifen and 4-hydroxytamoxifen (separate standards were used for calibration purposes). The MRM transitions used to track analytes and internal standards were: tamoxifen m/z 372/72; N-desmethyltamoxifen 358/58, endoxifen 374/58, 4-hydroxytamoxefin 387/105, D5-tamoxifen 377/72, D5-N-desmethyltamoxifen 363/58, and D5-endoxifen 379/58. The total imprecision of this assay using quality control materials (n=17) was 7.0% and 6.6% for tamoxifen at 11.4 and 188 ng/mL, respectively, 7.8% and 4.8% for enxoxifen at 1.7 and 33 ng/mL, 5.3% and 4.5% for N-desmethyltamoxifen at 18.7 and 336 ng/mL, and 12.9% and 7.1% for 4-hydroxytamoxifen at 0.41 and 7.2 ng/mL. The linearity was up to 250 ng/mL for tamoxifen and endoxifen, 500 ng/mL for Ndesmethyltamoxifen, and 6 ng/mL for 4-hydroxytamoxifen. Using the same serum samples, we compared results of this assay against an LC/MS assay from Mayo Medical Laboratories and observed concordance for tamoxifen, endoxifen, and N-desmethyltamoxifen, with less concordance for 4-hydroxytamoxifen (unpublished observations).
CYP2D6 genotyping and phenotyping
To determine CYP2D6 genotype, DNA samples were analyzed using the AmpliChip ™ CYP450 Test (Roche Molecular Systems, Inc., Pleasanton, CA) by operators blinded to clinical data. This test combines a long multiplex polymerase chain reaction amplification with an oligonucleotide microarray manufactured by Affymetrix (Santa Clara, CA). After fragmentation and labeling of the PCR products, amplicons are hybridized to the microarray and stained using a streptavidin-phycoerythrin conjugate, and fluorescence associated with each probe feature is detected using a laser-illuminated, confocal scanner. Data analysis software interprets the hybridization pattern to a series of probes that are specifically complementary to either wild-type or variant sequences for each polymorphic site. From each site call, an allele call is inferred relative to an allele reference table.
The AmpliChip ™ CYP450 Test queries 29 polymorphisms found in the CYP2D6 gene to identify 28 different alleles, including a variety of gene duplications. Each allele was assigned to one of four phenotypic categories according to its associated enzyme function:
i. Non-functional (poor metabolizer or PM) alleles include: CYP2D6*3, *4, *5, *6, *7, *8, *11, *14A, *15, *19, *20, and *40, and the *4XN gene duplication.
ii. Reduced function (intermediate metabolizer or IM) alleles include: CYP2D6*9, *10, *17, *29, *36 and *41, and gene duplications *10XN, *17XN, and *41XN.
iii. Fully functional (extensive metabolizer or EM) alleles include: CYP2D6*1, *2 and *35.
iv. Increased function (ultrarapid metabolizer or UM) phenotype alleles include gene duplications such as CYP2D6*1XN, *2XN and *35XN.
Individuals are assigned a phenotype depending on the combination of alleles they carry (for assignments in our study population, see the online supplemental 
Statistical methods
Descriptive statistics (means, proportions) were used to describe the clinical characteristics of the study population., Mean concentrations of tamoxifen and its metabolites were calculated for the four functional categories of the CYP2D6 phenotype (EM, IM, PM and UM). The Chi-squared test of Hardy-Weinberg equilibrium was conducted using the methods of Thomson et al for lumping genotype classes where expected values are <5 (31) . Delayed-entry Cox models (32) were fit to examine whether there was a linear association between the concentration of tamoxifen and its metabolites (e.g. different models for (a) tamoxifen, (b) endoxifen, (c) ND-tamoxifen and (d) 4OH-tamoxifen) and time to a new breast cancer event. These models account for the variable time-interval between diagnosis and blood draw. In each of the models, we included cancer stage and grade as covariates as the WHEL cohort showed that these variables were strong predictors of outcome.(19) A square root transformation was applied to the tamoxifen and metabolite concentrations as this transformation indicated better fit of the Cox models, examined via residual plots.
With lack of evidence for a linear association, we explored a potential nonlinear effect by dividing the population into quintiles based on the concentration of tamoxifen and its metabolites. Cox models including breast cancer stage and grade were fit with quintiles of each of tamoxifen and the other three metabolites. We also included CYP2D6 phenotype to determine if this variable contributed independently to breast cancer outcomes, after adjusting for metabolite concentration.
With evidence of a potential therapeutic threshold, we used methods developed by Tableman and Kim (20) to explore different cut-points for a split regression analysis. This analysis identifies an optimal cut-point above which tamoxifen metabolite concentrations might protect against additional breast cancer events. We used 1000 bootstrapped resamples to cross-validate the so-called optimal cut-point for identifying an at-risk subgroup. We then used a Cox model to assess the risk in this identified subgroup. As such an approach can lead to overfitting a model, to be conservative, we adjusted the estimate to account for this bias. (21) Finally, we used logistic regression to identify whether having endoxifen concentrations below our putative threshold was associated with the CYP2D6 functional phenotype and/or BMI, both of which have been previously associated with concentrations of tamoxifen metabolites. The reference group for the logistic regression comprises the participants who are above the putative endoxifen threshold. Statistical analyses were conducted using the R statistical software package (http://www.r-project.org/) and SPSS (v. 14.0). Plots of hazard ratios derived from delayed-entry Cox models, controlling for stage and grade. Kaplan-Meier plot of unadjusted recurrence rates for each quintile of endoxifen Table 3 Tamoxifen and tamoxifen metabolite concentrations (ng/mL) by CYP2D6 phenotype 
